. In conclusion, regardless of timing of oocyte activation, activation treatment with ionomycin is required for full-term development of rat oocytes injected with fresh spermatids, and the higher potential of cryopreserved spermatids contributing to full-term development is notable when DC pulse is applied for oocyte activation.
Ogura et al. [12] were the first to obtain normal offspring after transfer of mouse oocytes electrically fused with round spermatids. Intracytoplasmic injection of round spermatids (ROSI) has also resulted in the birth of normal offspring in rabbits [16] , mice [7] , humans [17] , rats [2] , and hamsters [1] . Moreover, mouse offspring have been produced by injecting cryopreserved round spermatids [13] . Round spermatids are generally susceptible to metaphase-promoting factor (MPF) in the oocytes. Therefore to avoid premature chromosome condensation in response to the MPF, oocytes need to be activated prior to ROSI [11] . In rats, a ROSI protocol using cryopreserved round spermatids has been developed for the rescue of infertile transgenic rat lines [2] , and the efficiency of offspring production has been improved by activating oocytes with a direct current (DC) pulse instead of SrCl 2 prior to the ROSI [4] . However, this improved ROSI protocol is not valid for freshly -Note-isolated round spermatids [2, 15] . It was reported that developmental potential into blastocysts of bovine ROSI oocytes was improved by an activation regimen with both ionomycin and cycloheximide (CHX) [10] . Treatment of mouse round spermatids with trichostatin-a (TSa) inhibited global re-methylation of paternal genomes [8] .
The objective of the present study was to examine the effect of different timings of two activation treatments on rat ROSI using fresh and cryopreserved spermatid cells in a 2 × 2 × 2 factorial design experiment (Experiment 1). In addition, the ionomycin stimulus inducing single intracellular calcium increase was combined with CHX treatment to prevent re-accumulation of MPF, and/ or a TSa treatment to suppress histone de-acethylation (Experiment 2).
In Experiment 1, rat round spermatids were isolated as reported for mice by Ogura et al. [11] . briefly, testes from mature Sprague-Dawley rats (Slc:SD; Japan SLC, Inc., Shizuoka, Japan) were placed in erythrocyte-lysing buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , 2 mM EDTa; pH 7.2), and tunica albuginea was removed. Seminiferous tubules were transferred into GL-PbS (Dulbecco's PbS supplemented with 5.6 mM glucose, 5.4 mM sodium lactate and 0.01% polyvinylpyrrolidone) at 4°C, cut into small pieces using a pair of fine scissors, and shaken gently to release spermatogenic cells into the medium. The cell suspension was filtered through a 40-µm nylon mesh and then centrifuged at 200 ×g for 5 min at 4°C. Cells were resuspended in GL-PbS containing 0.2 mg/ml pronase E (Sigma-aldrich, St. Louis, MO, USa). after centrifugation at 400 ×g for 5 min at 4°C, elongating spermatids and testicular spermatozoa which agglutinated into sticky masses were discarded from the suspension. The remaining suspension, expected to be rich in round spermatids, was washed twice with GLPbS by centrifugation at 200 ×g for 5 min each at 4°C. The spermatids were either used when freshly isolated, or used after cryopreservation in GL-PbS supplemented with 7.5% glycerol (v/v; Wako Pure Chemical Industries, Osaka, Japan) and 7.5% fetal bovine serum (v/v; FbS; Equitech bio, Ingram, TX, USa).
Oocyte recovery and ROSI were performed as reported previously by Hirabayashi et al. [2] . briefly, Slc:SD of 4-to 6-week-old female rats were superovulated by intraperitoneal injections of 300 IU/kg equine chorionic gonadotrophin (eCG; Nippon Zenyaku Kogyo, Fukushima, Japan) and 300 IU/kg human chorionic gonadotrophin (hCG; Sankyo yell yakuhin, Tokyo, Japan) at an interval of 48 h. Oocytes were collected from the oviductal ampullae 14 to 17 h after the hCG injection, and were freed from cumulus cells by 5 to 10 min treatment with 0.1% hyaluronidase (w/v; Sigma-aldrich) dissolved in 22 mM Hepes-buffered mR1ECM medium [14] . Ten to fifteen oocytes were placed in a 10-µl drop of the Hepes-buffered mR1ECM medium, and 1 µl of fresh or frozen-thawed spermatid suspension (2 to 5 × 10 5 cells/ml) was placed in a 10-µl drop of the Hepesbuffered mR1ECM medium supplemented with 8% polyvinylpyrrolidone (PVP, 360 kDa; ICN Pharmaceuticals, Inc., Costa Mesa, Ca, USa). Individual round spermatids were picked up with a blunt-ended injection pipette having an inner diameter of 5 to 6 µm, and the spermatid membrane was broken by shear stress with repeated pipetting. Microinjection of spermatids into oocytes was performed at ambient temperature using a piezo impact driving unit (PMM-150FU; Prime Tech, Ibaraki, Japan) with a pulse controller (PMaSCT150; Prime Tech). One of two different regimens (DC pulses or ionomycin) was applied to activate oocytes 40 min before or 10 min after ROSI. For DC pluse treatment oocytes were transferred into DC activation solution (0.3 M mannitol, 0.1 mM CaCl 2 , 0.1 mM MgSO 4 , and 0.1% fatty acid-free bovine serum albumin; Sigma-aldrich) and then placed between the electorode gap (width 0.5 mm, depth 2.0 mm) of a circular electrofusion chamber (FTC-01; Shimadzu Scientific Instruments, Kyoto, Japan) containing 20 µl of DC activation solution. a DC pulse at 50 V/ mm was applied twice to the oocytes for a duration of 99 µsec each at an interval of 1 sec using an electro-cell fusion generator (LF101; Nepa Gene, Chiba, Japan). The oocytes were then washed twice with mR1ECM. For ionomycin treatment oocytes were incubated for 5 min in mR1ECM medium containing 5 µM ionomycin (Sigma-aldrich) at ambient temperature and washed twice with mR1ECM medium. ROSI oocytes were cultured in 60 µl microdrops of mR1ECM medium at 37°C under mineral oil in 5% CO 2 in air. all non-degenerating one-cell oocytes and evenly cleaved two-cell oocytes at 23 to 25 h after ROSI were transferred into the oviductal ampullae of recipient Slc:Wistar Hannover/Rcc rats (13 to 22-weeks-old) that had previously been mated with vasectomized male rats. Embryo transfer was performed on the day that a vaginal plug was detected (defined to as Day 1). On Day 21, offspring were delivered from the recipients by Caesarean section. Experiments were repeated three or four times. Proportional data of each replicate were arcsin-transformed and subjected to three-way aNOVa (Experiment 1) using JavaScript-STaR program (version 4.1.1j: http://www. kisnet.or.jp/nappa/software/star/) or one-way aNOVa and Scheffe's F-test (Experiment 2) using StatView software (abacus Concepts, berkeley, Ca).
as shown in Table 1 , rat oocytes after microinjection of both fresh and cryopreserved round spermatids developed to full-term. Three-way aNOVa indicated that, regardless of method and timing of oocyte activation, both proportions of oocytes exhibiting formation of two pronuclei with polar body extrusion (2PN+pb) and cleaving were significantly different between fresh and cryopreserved spermatids (F=11.18, P<0.01 and F=14.79, P<0.01, respectively). Oocytes injected with fresh spermatids appeared to have delayed pronucleus formation and first cleavage when compared with those injected with cryopreserved spermatids (data not shown). However, the time interval between ROSI and embryo transfer (23 to 25 h) was fixed throughout the experiments because a longer culture period in the same mR1ECM medium is not suitable for the early cleaving oocytes. It is well-known that culture medium with a lower osmolality is required for further development of rat embryos beyond the two-cell stage [5, 9] . Further investigation taking into consideration the poor correlation of cleavage rate with offspring rate is necessary. as to the percentage of transferred oocytes developing to full-term, there was a significant interaction between the source of spermatids (fresh or cryopreserved) and method of activation (DC pulse or ionomycin). When DC pulse was applied for oocyte activation, a higher percentage of oocytes injected with cryopreserved spermatids developed to full-term (F=6.12, P<0.05). Furthermore, within the groups of oocytes injected with fresh spermatids, oocyte activation with ionomycin resulted in higher full-term development rates than with the DC pulse treatment, regardless of activation timing (F=4.86, P<0.05). The action of DC pulse and ionomycin as triggers for oocyte activation needs to be re-evaluated by monitoring the kinetics of both the intracellular calcium level and decondensation of the spermatid nucleus.
In Experiment 2, rat oocytes were activated by 5 min treatment with 5 µM ionomycin 40 min before ROSI using cryopreserved spermatids, and then the ROSI oocytes were treated for 4 h with 5 µg/ml CHX (Sigmaaldrich) and/or for 10 h with 5 nM TSa (Sigma-aldrich). In this experiment, spermatid suspensions were frozen using solution of Cell-banker 1 (bLC-1; Juji Field Inc., Tokyo, Japan). The method of spermatid cryopreserva- * Percentages for 2PN+pb (two pronuclei+second polar body) and first cleavage were calculated from the number of oocytes examined. Significantly different between "Fresh" and "Cryopreserved" (P<0.01; three-way aNOVa). **Percentage for full-term development was calculated from the number of zygotes transferred. Significantly different between "Fresh" and "Cryopreserved" in case of DC pulse (P<0.05; three-way aNOVa) and between "DC pulse" and "Ionomycin" in case of Fresh spermatids (P<0.05; three-way aNOVa).
tion (glycerol/FbS-based solution vs bLC-1 solution) did not affect the full-term development of ROSI oocytes (3.6% in Table 1 vs 2.5% in Table 2 ). Significantly higher percentages of ROSI oocytes exhibited a sign of normal fertilization (2PN+pb) when the ROSI oocytes were treated with CHX (75.2-82.3% vs 19.7-20.8%; P<0.05), as shown in Table 2 . However, no positive effect of the CHX and/or TSa treatments on full-term development of ROSI oocytes was detected, as the offspring rates were 2.5, 5.5, 7.9, and 3.7% in the control, TSa, CHX, and TSa/CHX groups, respectively. It remains for further research to examine if the concentration and treatment duration of the TSa/CHX determined in previous studies [8, 10] are optimal for rat ROSI oocytes.
Microinsemination of spermatogenic cells differentiated from germ stem cells is an alternative approach for producing gene-targeted rats, because neither embryonic stem cell line nor somatic cell nuclear transfer protocol has been established in the rat. From this point of view, maximum use of selected spermatid cells for offspring production must be important. Since one rat offspring was produced after transfer of 206 oocytes injected with freshly isolated round spermatids [2] , no more offspring have been obtained using the same regimen in our laboratory. Recently, our attempt at ROSI using fresh rat spermatids that differentiated after transplantation of spermatogonial stem cells into immunodeficient mice also resulted in failure to produce offspring, while ROSI after cryopreservation of the same spermatids gave birth to normal rat offspring [15] . The beneficial effect of spermatid cryopreservation on microinsemination in rats may be due to facilitation of nuclear envelope breakdown of spermatid cells, forwarding the paternal nuclear materials to contribute to the normal post-fertilization events. On the other hand, freshly isolated spermatids with a highly integrated nuclear envelope might need to be exposed for a longer period to the relatively high MPF activity in the oocytes, even though rat oocytes activate spontaneously once they are released from oviductal ampullae [3, 6, 18] . Our results suggest that both overall integrity of spermatids (influenced by cryopreservation) and MPF activity of ooplasm (influenced by method and timing of oocyte activation) affect the nuclear envelope breakdown of injected spermatid cells, which is followed by decondensation of paternal chromatin and subsequent formation of the male pronucleus. Regarding the low offspring rate after transfer of rat ROSI oocytes (up to 7.9% in the present study), more effort should be made to target the current mouse ROSI offspring rate of >30%.
In conclusion, regardless of timing of oocyte activation, activation treatment with ionomycin is required for full-term development of rat oocytes injected with fresh spermatids, and the higher potential of cryopreserved spermatids contributing to full-term development is notable when a DC pulse is applied for oocyte activation. We suggest that nuclear envelope breakdown of injected spermatid cells is closely associated with the interaction of overall integrity of spermatids and MPF activity of ooplasm. Normal embryogenesis of ROSI oocytes may be triggered only when the physiological change of paternal chromatin occurs at optimal timing. *Percentages for 2PN+pb (two pronuclei+second polar body) and first cleavage were calculated from the number of oocytes examined. **Percentage for full-term development was calculated from the number of zygotes transferred. TSa; Trichostatin-a, CHX: Cycloheximide, PN: Pronuclei, pb: Polar body. Oocytes were first activated with ionomycin, and then injected with frozen-thawed spermatids. a, b Different superscripts denote significant difference (P<0.05; one-way aNOVa).
